The sequence and genome annotations of Drosophila melanogaster were initially published in late 1999 and early 2000. Since then, the Berkeley Drosophila Genome Project (BDGP) and FlyBase have improved the quality of the sequence and reviewed the annotations by hand, respectively, to produce an account of the fruit fly genome that is of the highest quality. This review discusses the main features of this process, both from the point of view of the biology revealed in the end result and in the development of software that has been central to this genome sequencing and annotation project.
INTRODUCTION
Annotating a genome is a bit like painting the Forth Rail Bridge. 1 No sooner do you apply the last dab to the North Queensferry end than it is time, probably even past time, to go back to the South Queensferry end and begin sprucing up the section you painted longest ago. Nevertheless, although the task is endless, there are occasions when major landmarks are recognised. The Berkeley Drosophila Genome Project (BDGP) 2 and FlyBase 3 have recently reached such a landmark. On 18th February 2003, the FlyBase consortium announced that Release 3.1 of the Drosophila melanogaster genome sequence and annotations had been made public on the FlyBase gene pages and annotation pages (also known as GadFly), and through GenBank (with a submission date of 14th February 2003). A suite of 10 papers, published in a special edition of Genome Biology, 4 reports various aspects of this project. Space constraints do not permit detailed examination of these papers here; this review simply highlights some of the main points. Readers are urged to explore the articles themselves for a fuller understanding and appreciation of the breadth and depth of this analysis.
THE SEQUENCE
The Release 1 annotation of the D. melanogaster genome was published in early 2000, based on a sequence that had been determined by Celera Genomicsusing a whole genome shotgun approach -and the BDGP. This work was described in Adams et al., 5 Myers et al. 6 and accompanying papers. Release 2 (October 2000) corrected some errors in the order or orientation of the scaffolds and filled a few hundred small gaps. Celniker et al. 7 recount the subsequent sequencing of the euchromatic genome, which focused on gap-filling, improving the poorer-quality regions and validating the assembly by comparison to a physical map of fingerprinted Bacterial Artificial Chromosome (BAC) clones. The resulting Release 3 version of 116.9 Mb of euchromatin includes 13 scaffolds with only 37 sequence gaps (compared to 1,107 known gaps in the Release 2 sequence). The number of remaining physical gaps (ie gaps not bridged in a captured clone) is down to an impressive seven. Some of these physical gaps have a biologically understood basis; eg, the gap on 2L corresponds to a histone gene cluster of 100-200 sequence-assembly-defying tandem repeats. The 27.9 Mb sequence of chromosome arm 3R is completely known from the telomere to the centromeric heterochromatin. The sequence quality in Release 3 euchromatin is extremely high; 98.7 per cent of the base pairs fall within 100 kb regions with error rates of less than 1/ 100,000 bp.
A major component of this genome analysis project has been the contribution of the sequence of the expressed sequence tags (ESTs) and cDNAs to the evidence used in determining the structure of the gene models. The BDGP's long-term commitment to the generation of the Drosophila Gene Collection (DGC) -a set of full-length cDNAs for use in genome annotation and functional genomics -has clearly paid dividends. Stapleton et al. 8 describe the generation and analysis of over 250,000 ESTs, corresponding to 70 per cent of the predicted protein-coding genes, and the use of these ESTs to identify putative fulllength cDNA clones for the DGC. Of the 8,921 DGC clones, 5,375 were found to include complete open reading frames (ORFs), corresponding to 40 per cent of all predicted genes. In comparing cDNA sequence to genomic sequence, 30 cases of A-to-G changes in the DGC gene cDNA were found, for which one explanation could be mRNA editing. In one case, CG18314 (FBgn0035538), 10 suspected cases of an A-to-G edit were validated by gene-specific reverse transcription-polymerase chain reaction using RNA from the isogenic strain. The Release 2 analysis used approximately 80,000 EST sequences and 2,500 full length cDNA sequences. The increase of these numbers to 250,000 and 8,921 for Release 3 has been an important factor in the improvement in quality of the Release 3 annotation.
THE SOFTWARE
Mungall et al. 9 describe how software development was required to meet two needs: sequence analysis and annotation.
The first need required a computational pipeline to analyse the sequence data, and a database capable of both monitoring the pipeline's progress and storing the raw analysis. The pipeline has three components: a MySQL database, the Perl 'Pipeline' module and sufficient computational power to manage the large number of analyses run against the genome, transcriptome and proteome. The sequence datasets that form the input to the pipeline are the D. melanogaster genomic sequence, ESTs and cDNAs from D. melanogaster and informative sequences from other species. Jobs (eg a BLASTX of a sequence against a peptide set), analyses (sets of jobs where subsequent operations are dependant upon the outcome of earlier ones) and batches (collections of analyses a user launches simultaneously) all have a status attribute that is used to track their progress through the pipeline. The pipeline has a web front end that allows users to query the batches, analyses and jobs to see their progress, outcome and any associated error reports. Mungall et al. describe several auxiliary programs that screen and filter the pipeline output to eliminate results that are not informative. 9 These include Sim4wrap (focuses Sim4 analysis towards relevant genomic/cDNA or EST alignments, as opposed to matching other members of the same gene family) and Autopromote (which factored the Release 2 annotations into the pipeline). Berkeley Output Parser (BOP) filtering processed the BLAST alignments and removed high scoring pairs that did not meet the annotation criteria. Sim4 filtering ensured stringent conditions were met before an EST/cDNA alignment was accepted. Given that this analysis is quite complex, considerable computing power was required; Mungall et al. describe their Beowulf cluster and the portable batch system job control software (developed by NASA) with evident relish. 9 The second need was for a database capable of both providing the curators Genomic, EST and cDNA sequence mRNA editing?
Computational analysis pipeline with a complete, compact and relevant collection of evidence, and storing the annotations they generated. This database is called the Genome Annotation Database of the Fly (GadFly). The core datatype within GadFly is the sequence feature, eg exon, tRNA gene etc; sequence features are linked together in hierarchies. GadFly uses generic modelling to maintain flexibility to allow for the ongoing development of our understanding of biology. This flexibility is disciplined by constraints built into the program components. BOP-filtered output from the pipeline is passed, as GAME XML, to GadFly. A cycle of annotation begins when curators load GAME XML from GadFly into Apollo (see below); whenever a curator changes a gene model, the peptide pipeline is run. The peptide pipeline assesses the predicted peptide by comparison with SPTRREAL (a carefully reviewed set of over 3,500 D. melanogaster sequences from the SWISS-PROT and TrEMBL databases) or, if the protein in question is not covered in SPTRREAL, with carefully chosen peptides from other organisms. A cycle of annotation ends when the curator-modified XML Apollo output is fed back to GadFly, which also serves as the public interface to the annotations. Mungall et al. 9 end their discussion by pointing out that the software developed as part of this undertaking is part of the Generic Model Organism Database (GMOD) project 10 and is thus an open source and meant for sharing.
Lewis et al. 11 describe Apollo which is the editing tool used by the curators to create and edit annotations. Apollo is a graphical annotation tool that can be used at multiple sites with different datamanagement environments. Apollo allows curators to create, merge, split, delete, adjust and comment upon gene annotations. The starting point is loading data into the Apollo viewer centred on, for example, a sequence (eg by BLAST), gene name, scaffold accession number or cytological map position. A navigation bar allows the user to move in either direction along the chromosome and zoom in for a closer view, right down to the sequence level, or zoom out to bring in more distant regions. A segment of DNA is displayed with graphics above (for forward strand) and below (for reverse strand), representing, eg, Genscan and Genie gene predictions, EST/cDNA alignments and BLASTX protein homologies. These types of evidence are represented by colour-coded tiers. Each tier can be shown or hidden, according to the settings chosen by the user. The evidence is shown in panels slightly distant from the DNA segment -the space between the DNA segment and the evidence panel is used for viewing, creating and altering annotations. Selecting any feature (by pointing-andclicking) produces a panel containing text information specific to that feature. Access to information in external databases, such as Genbank, is provided by inbuilt access to an internet browser upon clicking the relevant external database accession number. At high levels of resolution, a reading frame viewer shows a translation of all three reading frames with green/red start/stop codons for ease of interpretation. New gene models are created using drag-and-drop to 'promote' a feature (such as an exon) from the evidence panel to the annotation zone. The Apollo software names new annotations and uses the longest possible ORF for the transcript. Curators can attach text comments to the annotation and/or to a particular transcript. Sequence level changes, for example to translation start sites, can be made with the exon editor. The history of changes made to an annotation are tracked and each change is date-stamped and associated with the curator's name. As Apollo is available for download 12 from the BDGP and FlyBase sites, Lewis et al. 11 usefully discuss the installation, configuration and customisation of the software, covering such issues as adding new external data sources for Apollo to represent in evidence tiers. Apollo was 
THE ANNOTATION
Misra et al. 13 describe the genome annotation project. The annotators worked over the course of a year using the Apollo system and the updated sequence to review the Release 2 annotation of the entire euchromatic portion of the genome. Whereas Release 2 included 13,474 protein-coding genes, Release 3 includes 13,379 protein-coding genes, 290 tRNA genes, 23 microRNA genes, 28 snRNA genes and 28 snoRNA genes, 17 pseudogenes, 38 other non-coding RNA genes and 1,572 transposon insertions. The superficial similarity between protein-coding gene numbers in Release 2 and Release 3 masks the degree to which even these gene models changed. Structural changes were made to 85 per cent of predicted transcripts and 45 per cent of predicted proteins. Four times as many genes in Release 3 (20 per cent) as in Release 2 (5 per cent) show alternative transcripts. The prizes for the longest transcript and protein both go to the same gene, dp:dumpy (FBgn0053196), which encodes a 69.7 kb mRNA and 23,054 amino acid polypeptide. Notable features emerged regarding the arrangement of the genes with respect to each other. To quote Misra et al. directly, 'Eukaryotic genomes defy our efforts to impose simple or computable rules of gene structure and organization'. 13 Nested genes, first described in the 1980s, are common; 7.5 per cent of genes are included within the introns of other genes. Fifteen per cent of annotated genes overlap with genes on the opposite strand. Perhaps more surprisingly, 60 genes overlap neighbouring genes on the same strand, raising interesting questions about the regulation of expression of these close associates. Approximately 20 per cent of Release 3 genes have more than one predicted transcript. The mod(mdg4) gene (FBgn0002781) is not only alternatively spliced but also trans-spliced. Finally, Release 3 includes 31 dicistronic gene pairs, where each coding sequence exceeds 50 amino acids in length, with a further 17 where the second ORF is less well supported by BLASTX data.
Transposable element insertions, a common feature of eukaryotic genomes, were represented in Release 2 by composite sequences (one for each transposable element family) included as place holders at the sites of insertion. Release 3 sees their actual depiction in the genome, where they account for 3.86 per cent of the sequence. 7 There are 1,572 transposable element insertions; it is now clear that approximately one-third of the total number of gaps in Release 2 euchromatin were the consequence of a transposable element insertion. Kaminker et al.
14 analysed the 1,572 full and partial transposable element insertions and found 85 known and eight novel families, varying in copy number from one to 146. The density of the insertions is higher towards the centromeres and the insertions fall preferentially outside genes: only 27.7 per cent of the insertions map within the 50 per cent of the major chromosome arms predicted to be transcribed.
The annotations that are the result of all this endeavour can be accessed from FlyBase. Every gene record with a genome annotation has a link to the GadFly annotation report (Figure 1) , including sequence and evidence, the GBrowse display (Figure 2 ) and the sequence record at GenBank. The GBrowse display shows gene models, transposon insertions and cDNA/EST/ BLAST hits, BACs and GenBank units. It can be accessed directly from the FlyBase/ BDGP BLAST search 15 results page, as well as from gene reports. The Apollo annotation tool is now available for public use and can be downloaded 12 from the BDGP and FlyBase sites. Additionally, the National Center for Biotechnology Information (NCBI) 16 and Ensembl 
THE FUTURE
So what is the model for future updates to the D. melanogaster genome? Sequence 'finishing' will continue. FlyBase annotators will revise gene models on a gene by gene basis in response to incoming data from sequence databanks, the literature and the FlyBase user community. Clearly, with the demarking of the protein coding transcription units so well in hand, the mind wanders to the definition and representation of the regulatory regions. FlyBase plans to extend the range of features represented on the view of the genome to include regulatory regions as well as RNAs and mutant lesions submitted to GenBank/ NCBI/DDBJ and reported in the literature.
Two aspects of ongoing large sequencing projects will have a further, significant, impact on the understanding of the genome.
The analysis of heterochromatin, which constitutes around 34 per cent of the D. melanogaster genome, has lagged behind that of the euchromatin due to the particular challenges that the gene-sparse and repetitive nature of heterochromatin brings to the genome sequencing and assembly processes. This attention-seeking behaviour has paid off for the heterochromatin, which has now been subjected to its own particular analysis. Hoskins et al. 18 report how a whole genome shotgun strategy -Release 3-style annotation methods applied to draftquality sequence and BAC-basedfluorescence in situ hybridisation have been used to annotate 20.7 Mb of heterochromatic sequences not included in the Release 3 euchromatin. A striking 52 per cent of this sequence corresponds to previously defined transposable elements (compared with 5 per cent for the euchromatic sequence). Intron-exon structures of 30 previously known protein-coding genes have been defined and 267 novel protein-coding and six non-protein-coding gene models generated. The heterochromatic genes in general are longer, with more transposonpacked introns, than the euchromatic genes. The project described by Hoskins et al. is (to quote Hoskins directly) 'a work in progress', but has already vastly improved the understanding of how to go about tackling the heterochromatin, which is, gratifyingly, beginning to disclose its secrets. 18 The sequence of a second Drosophila species, D. pseudoobscura, being determined at the Human Genome Sequencing Center at Baylor College of Medicine 19 will offer further insights into the existing annotation, with respect to both the details of the existing annotation and regulatory regions. Bergman et al. 20 document the evaluation process that determined that D. pseudoobscura (separated from D. melanogaster by 46 Myr) was the optimal choice for the second drosophilid sequence rather than D. erecta (6-16 Myr), D. willistoni (53 Myr) or D. littoralis (61-65 Myr). This evaluation examined eight genomic regions, covering a total of 500 kb, in all four species and found conserved noncoding sequences, conservation of microsynteny and, intriguingly, that rates of amino acid substitution are higher in uncharacterised genes relative to genes that have previously been studied. The systematic comparison of D. pseudoobscura with D. melanogaster will most certainly illuminate the functional annotation of D. melanogaster and, with wider biological relevance, be an early example of a genome-wide comparative study.
CONCLUSION
The 'Release 3 of the Drosophila genome' special edition of Genome Biology 4 is remarkable in the scope of the analysis and the quality of the end-product -an admirably annotated eukaryotic genome -that it describes. The FlyBase/BDGP user community is an integral part of this success, contributing more than 600 error reports so far, which have been used to Sequence of a second drosophilid, D. pseudoobscura Heterochromatin sequencing and annotation update the annotations of over 1,000 genes. There is no indication that the intensity of genetic analysis of Drosophila is about to lessen, so with the ongoing publication of research papers, and the continuing contribution of the large-scale sequencing projects, there will be more than enough for FlyBase to do in keeping the D. melanogaster genome annotation up to date.
